Background: NccX is the membrane-anchored periplasmic metal sensor of the NccYXH transmembrane signal transduction complex. Results: Detergent-induced redistribution of the hydrophobic interactions led to a non-native x-ray structure. Conclusion: Molecular dynamics simulations along with in vivo assays reconciled the structural data with a physiological model of NccX dimer. Significance: Complementary investigations are needed to rationalize three-dimensional structures obtained in non-native conditions.
The x-ray structure of NccX, a type II transmembrane metal sensor, from Cupriavidus metallidurans 31A has been determined at a resolution of 3.12 Å. This was achieved after solubilization by dodecylphosphocholine and purification in the presence of the detergent. NccX crystal structure did not match the model based on the extensively characterized periplasmic domain of its closest homologue CnrX. Instead, the periplasmic domains of NccX appeared collapsed against the hydrophobic transmembrane segments, leading to an aberrant topology incompatible with membrane insertion. This was explained by a detergent-induced redistribution of the hydrophobic interactions among the transmembrane helices and a pair of hydrophobic patches keeping the periplasmic domains together in the native dimer. Molecular dynamics simulations performed with the full-length protein or with the transmembrane segments were used along with in vivo homodimerization assays (TOXCAT) to evaluate the determinants of the interactions between NccX protomers. Taken as a whole, computational and experimental results are in agreement with the structural model of CnrX where a cradle-shaped periplasmic metal sensor domain is anchored into the inner membrane by two N-terminal helices. In addition, they show that the main determinant of NccX dimerization is the periplasmic soluble domain and that the interaction between transmembrane segments is highly dynamic. The present work introduces a new crystal structure for a transmembrane protein and, in line with previ-ous studies, substantiates the use of complementary theoretical and in vivo investigations to rationalize a three-dimensional structure obtained in non-native conditions. Cupriavidus metallidurans is a Gram-negative bacillus best known for its outstanding ability to grow in the millimolar concentration range of many toxic heavy metals (1) (2) (3) (4) . To respond to environmental stress due to excess of these cations, C. metallidurans must sense extracellular changes and pass this information to the cytoplasm where transcription factors will be specifically activated to set up the appropriate efflux systems. The surplus of metal ions in the periplasm is commonly pumped back to the outside by redundant resistance, nodulation, and cell division heavy metal efflux pumps (3) . For instance, pumping out the surplus of cobalt and nickel cations essentially involves the resistance, nodulation, and cell division efflux pumps CnrCBA in C. metallidurans CH34 or NccCBA in C. metallidurans 31A (3, 5) . The transcription of the genes cnrCBA or nccCBA encoding the efflux pumps is under the control of the products of three additional genes, cnrYXH or nccYXH, also organized in operons (3, 6, 7) . Although the Cnr and Ncc systems parallel each other in many respects, Cnr from C. metallidurans CH34 has emerged as the experimental model for their characterization (6 -10) . Metal sensing relies on CnrX, a dimeric type II transmembrane (TM) 3 protein that displays a 13-kDa-large C-terminal metal sensor domain in the periplasm (9 -12) . Upon binding of nickel or cobalt to the sensor domain of CnrX, CnrY-mediated inhibition of the extracytoplasmic function factor CnrH (13) is relieved, and CnrH enables the RNA polymerase to transcribe cnrCBA resistance genes (6, 7) .
To characterize the structural basis of metal sensing by CnrX, we have previously produced a soluble form of the periplasmic domain spanning residues 31-148. This soluble metal sensor domain is referred to as CnrXs in the following. The high resolution structures of CnrXs under the nickel-, cobalt-, and zinc-bound forms as well as in the apo form (10, 12) have shown that CnrXs is a cradle-shaped dimer that contains one physiologically relevant metal-binding site per monomer. They also pointed out the crucial role of the only methionine (Met 123 ) (10, 12) in metal selectivity and affinity. Met 123 is a key player of the allosteric switch corresponding to the first step of signal transduction (10, 12) . Our understanding of subsequent signal propagation is limited by the lack of information on the TM domain of the metal sensor and on its relation with the bitopic protein CnrY that couples metal binding to CnrX in the periplasm to CnrH release in the cytoplasm. However, it has not been possible to purify CnrX as yet despite very good overproduction (10) . In contrast with CnrX, we have successfully solubilized and purified NccX (10) . NccX displays 76% overall sequence identity with CnrX with 80% identity between the soluble domains and 63% sequence identity between the TM anchors (see Fig. 1 ). A detailed analysis of the spectroscopic data obtained with the cobalt-bound forms of CnrXs or NccX led to the conclusion that CnrXs is a relevant model of the NccX metal sensor domain (10, 11) . We have thus used NccX for a structural investigation of the full-length sensor protein of the CnrYXH/NccYXH complex. In the native state, CnrX/NccX was hypothesized to be flexibly anchored to the inner membrane with the two TM segments running perpendicular with respect to the periplasmic domain (see Fig. 2A ). Here, we present the x-ray structure at a resolution of 3.12 Å of NccX purified and crystallized in the presence of foscholine-12 (dodecylphosphocholine (DPC) in the following). The structure of NccX differs markedly from the prediction. The structural data were reconciled with a physiological model of NccX dimer using molecular dynamics (MD) simulations and in vivo dimerization (TOXCAT) assays (14) as complementary approaches. It appeared that the detergent not only solubilized the membrane bilayer but also destabilized the hydrophobic dimer interface, thus leading to the redistribution of the hydrophobic interactions that maintained the native structure of NccX. The two main conclusions of this work are that first we present one of the rare complete structures of a bitopic, type II membrane protein and second we illustrate the need to use complementary approaches to extract meaningful biological information from a potentially artifactual crystal structure.
EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification of Full-length NccX-These steps were already described (10) . Briefly, NccX was overproduced in Escherichia coli cells, and the membrane fraction was recovered by centrifugation. For solubilization of NccX, the membrane preparation was 10-fold diluted in a buffer composed of 50 mM Hepes, pH 7.5, 500 mM NaCl, 10 mM EDTA, 0.1% (w/v) (critical micellar concentration, 2) DPC (Anagrade from Anatrace) prior to Dounce homogenization and passage through a microfluidizer (M110-P, Microfluidics). After an incubation of 3 h on ice, the solubilized material was purified in two chromatographic steps consisting of a gel filtration on Superdex-200 (GE Healthcare) followed by an anion exchange on a Q Hi-Trap column (GE Healthcare). The fractions considered electrophoretically pure on SDS-PAGE were pooled, and NccX was concentrated at 13 mg/ml in the following buffer: 50 mM Hepes, pH 7.5, 100 mM NaCl, 0.1% (w/v) DPC. After concentration, the protein was aliquoted and stored at Ϫ80°C for further use. Protein concentrations were determined using the Bradford protein assay with bovine serum albumin as standard (15) .
Crystallization, Data Collection, Structure Determination, and Refinement-Crystals were obtained by mixing 1 l of NccX at 13 mg/ml with 1 l of reservoir solution consisting of 14% PEG 4000, 0.1 M sodium acetate, pH 4.5, 0.1 M zinc acetate. Crystals grew after 2 months at 20°C. Prior to data collection, crystals were cryocooled using Paratone-N as cryoprotectant.
Diffraction data were collected to a resolution of 3.12 Å (Table 1 ) on the Proxima-1 beamline at SOLEIL (Saint Aubin, France) taking advantage of the Pilatus-6M detector. The beam energy was set to the zinc K-absorption edge. Data integration and scaling were done using the XDS package (16) . The struc- (20) and using one chain of the homologous structure CnrXs (Protein Data Bank code 2y3d) (10) as template, two molecular replacement solutions were obtained. From that initial model and using single wavelength anomalous diffraction experimental electron density maps improved by density modification, iterative cycles of manual model building with Coot and refinement with autoBUSTER-TNT (21, 22) were carried out. Temperature factors were refined with the translation-libration-screw approach with a single translation-librationscrew group for the non-crystallographic symmetry dimer. Zinc atom positions were cross-checked by an anomalous Fourier synthesis using the final model. Coordinates and structure factors for the structure of NccX have been deposited in the Protein Data Bank with accession number 4clv. Structure figures were generated with Chimera (58) .
Model Building and Simulation Parameters for NccX-Two models of NccX were constructed. The first one is based on the structure of DPC-solubilized NccX (this work) and was referred to as NccX DPC . The x-ray structure of NccX was oriented with VMD (25) so that its principal axes are superimposed with the coordinate system. All missing hydrogens were built with CHARMM and the CHARMM19 force field (26, 27) . The structure was energy-minimized down to a gradient of 0.1 kcal/ mol/Å subject to harmonic restraints of 5 kcal/mol/Å on heavy atoms. Simulations from NccX DPC include residues Thr 6 -Leu 143 for protomer A and Thr 6 -Lys 144 for protomer B. The second model, called NccX Pred , was conceived to represent the structure predicted for NccX/CnrX proteins, based on the characterization of the periplasmic domain of CnrX, and used for control experiments. We started from the x-ray structure of the soluble sensor domain of CnrX in the nickel-bound form (Protein Data Bank code 2y39) defined from Gly 39 -Gln 148 (10) . The CnrXs dimer was built using the symmetry operations given in the Protein Data Bank file. Thanks to the high sequence similarity between NccX and CnrX (see Fig. 1 ), we could build a model of the soluble domain of NccX by mapping the residues between the two proteins one by one and determining the missing coordinates for the soluble part of NccX (Thr 39 -Gln 148 ) from internal coordinates with CHARMM. In Protein Data Bank code 2y39, the coordinates of the N-terminal residues of CnrX from Met 1 to His 38 are absent (see Fig. 2A ). To obtain NccX Pred , these N-terminal missing residues, including the membrane-anchoring sequence, were initially built from internal coordinates only. To have a valid structure for the amino acid residues tethering the TM segment to the soluble part of the protein, we fitted the backbone atom coordinates of Pro 37 -Leu 41 in the structure of NccX DPC to those calculated for NccX Pred . Then after applying the same coordinate transformation to all atoms of NccX DPC from Thr 6 to Glu 36 , we inserted these coordinates in the initial structure of NccX Pred . Missing residues Met 1 -Arg 5 and all missing hydrogens were built with CHARMM so that simulations from NccX Pred included the full-length sequence for both protomers, i.e. residues Met 1 -Gln 148 . The structure was energy-minimized as described for NccX DPC . Both all-atom systems, NccX DPC and NccX Pred were coarse grained (CG) (i.e. each amino acid was simplified to a couple of interacting spheres) with a script developed for GROMACS (28) before running simulations.
The CG NccX DPC protein contained 296 particles for chain A and 299 particles for chain B, whereas the CG NccX Pred protein contained 638 particles. The structures were embedded either in CG 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) or in CG DPC and solvated with CG water molecules. The protein bears a total charge of Ϫ13 so that 13 Na ϩ ions were added to the system to ensure electric neutrality. CG-MD simulations were performed using the GROMACS software package (version 4.5.4) (29, 30) . The proteins, lipids, ions, and water molecules were described with the MARTINI force field version 2.1 (31, 32) . The system was simulated with periodic boundary conditions using a time step of 20 fs. During the simulations, the pressure was maintained at 1 atm using a Berendsen barostat with a coupling constant of 2 ps and a compressibility of 3 ϫ 10 Ϫ4 bar Ϫ1 , and the temperature was maintained at 323.15 K with a Berendsen thermostat using a coupling constant of 1 ps. The pressure coupling was either isotropic, leaving all dimensions of the simulation box free to vary, or semi-isotropic in which case only the z dimension of the box could vary.
During the coarse graining process, helical structures are maintained as restraints in the GROMACS MD runs so that varying this number of restraints may have an incidence on the structure finally reached. As the helix H1 in NccX DPC propagated through the flexible linker in between the TM and periplasmic domains, the secondary structure status of residues 32-44 in the model was relaxed to allow flexibility to this sequence. Conditions for the simulations are given in the legend of the corresponding figures.
All atom coordinates corresponding to the last frame of the simulations using NccX DPC in DPC or POPC were converted to united atom resolution using the tool "backward" (33) after adding map files for DPC. The back-mapping was performed using a wrapper that relaxes the resulting structure through energy minimization and short MD-based relaxation. The size of the united atom systems increased by a factor varying from 8 to 12 with respect to the CG systems, reaching 326,184 and 89,102 atoms for the simulations in DPC and POPC, respectively. Two-nanosecond MD simulations in the constant number of particles, volume, and temperature ensemble followed by 5-100-ns MD simulations at constant pressure and temperature were subsequently run with a time step of 2 fs.
Self-assembly Simulations of the NccX TM Segments-To study the self-association of NccX TM segments, these were coarse grained as described previously for the whole protein.
The sequence spanning Thr 6 -Ser 40 , thus encompassing the predicted TM segment (Leu 9 -Tyr 29 ) of NccX, was used for simulations and called NccX-TMsim (Fig. 1 ). The structure of NccX in DPC (Protein Data Bank code 4clv; this work) provided the initial atomistic structure of TMsim monomers. All protein, lipids, and solvent CG particles were described with the MARTINI force field. Monomers of CG NccX-TMsim were inserted parallel to each other in a preformed POPC bilayer containing 492 lipids and 6,000 water particles at a distance of 6 nm from each other. The x, y, and z dimensions of the bilayer were 13.6, 12.2, and 8.7 nm, respectively. The z axis represents the normal to the bilayer plane (x, y). Prior to the insertion, the NccX-TMsim monomers were aligned along the z axis and randomly rotated about the z axis. The ionic strength of the system was set with 100 mM NaCl, which in addition contributed to neutralize the charges of the NccX-TMsim monomers.
The system was energy-minimized for 10,000 steps using the steepest descent integrator. Then MD simulations were performed at T ϭ 300 K with a coupling time of 1 ps using a v-rescale algorithm. The pressure was coupled using a semi-isotropic scheme at P ϭ 1 bar with a coupling time of 5 ps and a compressibility of 3 ϫ 10 Ϫ4 bar Ϫ1 . A time step of 40 fs was used during the production period. Varying the initial orientation of the two monomers relative to each other as well as initial velocity, two distinct simulations of 60 s were performed in POPC, resulting in a total simulation time of 120 s.
TOXCAT Assays-The homodimerization of wild-type and mutant NccX (full-length or truncated) was assessed using the TOXCAT assay (14) . The expression vectors pccKAN, pccGpA-WT, and pccGpA-G83I and the malE E. coli strain MM39 were kindly provided by Donald Engelman (Yale University, New Haven, CT). As in any TOXCAT experiment, the expression of the constructs produced chimeras in which the peptide or protein of interest was fused N-terminally with the dimerization-dependent transcriptional activator domain of ToxR from Vibrio cholerae and with the E. coli maltose-binding protein (MBP) at its C terminus. We inserted the NccX-TMsim segment used for simulation experiments and the full-length sequence of NccX (NccX-FL) between ToxR and MBP. The G16I/G20I (GGII) double mutation in NccX-TMsim or NccX-FL was generated using the Quik-Change mutagenesis kit (Agilent). The sequence of all the constructs was confirmed by DNA sequencing. The resulting plasmids were transformed into E. coli MM39 for further use. Oligomerization of the inserted sequences turns on the transcription of the chloramphenicol acetyltransferase (CAT) reporter gene proportionally to the strength of the interaction between TM segments. Insertion efficiency and proper orientation were tested on the basis of the ability to grow on M9 minimal medium plates with 0.4% maltose as the only carbon source. Membrane localization of NccX-FL was checked by cell fractionation and subsequent detection of the construct in the membrane fraction by Western blot with either CnrXs antibodies (10) or MBP antibodies (anti-MBP monoclonal antibody, HRP-conjugated, New England Biolabs). Briefly, the MM39 E. coli cells bearing either the ToxR-NccX-FL-MBP or the ToxR-GpA-MBP constructs and used for the TOXCAT assays were lysed by sonic oscillation in 25 mM Tris-HCl, pH 8.0, 2 mM EDTA. The resulting lysates were centrifuged at 4,500 ϫ g for 20 min (Thermo Scientific). The pellet consisting of cell debris, unbroken cells, and inclusion bodies was washed in sonication buffer containing 0.5% Triton X-100 and centrifuged again at 4,500 ϫ g for 20 min to obtain the inclusion bodies. The supernatant of the first centrifugation was subjected to a centrifugation of 118,000 ϫ g for 60 min (Beckmann) to pellet the membranes. The resulting supernatant was used for electrophoretic and Western blot analysis, whereas the pellet was suspended in sonication buffer and centrifuged again the same way. The new supernatant and the membrane fraction were used for further analysis. CAT activity was assayed spectrophotometrically at room temperature by measuring the rates of chloramphenicol acetylation in the presence of dithiobisnitrobenzoate and acetyl coenzyme A (34) . The rate of CoA formation was monitored by recording the linear increase of the absorbance at 412 nm due to its reaction with dithiobisnitrobenzoate and thionitrobenzoate dianion release. The background rate of acetyl-CoA hydrolysis in the absence of chloramphenicol was recorded and subtracted before calculating the specific activities, expressed as ⌬A 412 ⅐min Ϫ1 ⅐mg Ϫ1 of protein from total extracts. Each experiment was performed at least in triplicate. The wild-type and mutant forms of the glycophorin A (GpA) TM domain, GpA-WT and GpA-G83I, were used as positive and negative controls in the TOXCAT assays, respectively. Normalization for the relative expression level of each construct was carried out using Western blotting with MBP antibodies and densitometry with ImageJ.
RESULTS
X-ray Structure of NccX-The x-ray structure of DPC-solubilized full-length NccX crystallized in the presence of an excess of zinc was determined at a resolution of 3.12 Å (Fig. 2B ). It shows a dimer with an all-␣-helix secondary structure like CnrXs ( Fig. 2A) (9, 10, 12) . Only a few residues are missing in the 148-residue-long NccX because each protomer spans resi- dues Ser 4 -Arg 145 (sequence shown in Fig. 1 ). Both NccX and CnrXs are characterized by a long hairpin with the NccX helices H2 and H3 coinciding with CnrXs helices H2Ј and H3Ј (Fig.  2C ). However, whereas CnrXs protomer is best described as a hooked hairpin with the short helices H1Ј and H4Ј (N-and C-terminal helices, respectively) folded back on the H2Ј-H3Ј hairpin, full-length NccX is a three-helix bundle with the short C-terminal helix H4 sticking out at an angle of about 50°to avoid a steric clash with the H3 helix of the opposite protomer ( Fig. 2 ). NccX helix H1 (residues 3-48) is a long helix whose C-terminal end corresponds to CnrXs helix H1Ј and that extends upstream to include the TM domain and the linker in between the TM and periplasmic domains. Noteworthily, a kink upstream at Pro 37 physically delineates the C-terminal part of H1 that coincides with CnrXs H1Ј (residues 37-48). The NccX protomers A and B actually differ slightly in the angle of this kink.
The NccX structure was stabilized by numerous zinc ions, consistent with the presence of 100 mM zinc acetate in the crystallization conditions of NccX. The anomalous diffusion properties of Zn(II) allowed precisely locating 10 zinc ions in the asymmetric unit. Two Zn(II) ions were bound by each NccX protomer with the same trigonal bipyramidal coordination geometry at the same metal-binding sites (Fig. 2 , C and D) as those argued to be an artifact in protomer A of zinc-bound CnrXs (Zn A -CnrXs) (10). Accordingly, NccX protomers were (16) . The two TM segments are supposed to anchor the periplasmic sensor domain. In the CnrXs construct that starts with Ser 31 , Gly 39 was the first N-terminal (N-ter) residue to be structurally defined. B, x-ray structure of NccX determined in this study (Protein Data Bank code 4clv). Protomer A is colored sandy brown, and protomer B is colored steel blue. The side chains of some amino acids stressed in the text are shown as sticks. These amino acids are identified by their one-letter code, numbering in the sequence, and a lowercase letter corresponding to the protomer they belong to. The elements of secondary structure mentioned in the text are annotated (e.g. H2-H3 hairpin) and the location of the zinc ions is shown. The red portion in each H1 helix corresponds to the GXXXG motif. The orange portion corresponds to a stretch of about 10 residues (amino acids [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] that were present in the sequence of CnrXs (A) but not structurally defined (16, 19) . This stretch includes Pro 37 depicted as sticks and highlighted in yellow. Ten zinc ions were located in the asymmetric unit (gray spheres). Most of them have an incomplete coordination sphere at this resolution. The four zinc ions in the dotted square are those of the metal-binding sites detailed in C and D. The ligands of two zinc ions involved in interprotomer interactions are developed as sticks: these are H1 residues Glu 36 and His 32 contributing one oxygen and one nitrogen, respectively, and Glu 106 from H3 of the opposite protomer that contributes one oxygen. C, superimposition of NccX and Zn A -CnrXs protomers. NccX is colored sandy brown, and Zn A -CnrXs is red. The portion of H1 in NccX colored yellow corresponds to the kink upstream at Pro 37 that makes a break in the helix as mentioned in B. This kink marks the putative junction between the sensor domain and the TM segment (see "Discussion"). Note that the C-terminal (C-ter) helix H4 of NccX sticks out of the helix bundle. D, close-up view of the superimposition of the metal-binding sites (color code for the zinc ions as for proteins in C). Phe 66 is not a metal ligand, but it interacts bystacking with His 119 , thus providing an interaction between H2 and H3.
best superimposable to Zn A -CnrXs (root mean square deviation of 0.93 Å for 78 C␣ atom pairs), which is loaded with two Zn(II) ions (Fig. 2C ), than to Zn B -CnrXs (root mean square deviation of 0.99 Å for 48 C␣ atom pairs), which is loaded with a single Zn(II) ion. Extra Zn(II) ions were also located outside the metal-binding site (Fig. 2B) at the interface between two monomers either at the dimer interface or at crystal contacts. Two zinc ions of particular importance for the conformation of the NccX dimer link a nitrogen of His 32 and Glu 36 from H1 of one protomer with an oxygen of Glu 106 from H3 of the opposite protomer. The coordination sphere of these extra Zn(II) ions is supposed to be completed with counteranions or ligands from the solvent (undefined at this resolution).
The TM domains cross each other near their Tyr 29 residue at an angle of about 55° (Fig. 2B ), which brings both N-terminal Ser 3 residues ϳ34 Å apart. Moreover, the putative GXXXG dimerization motifs in the middle of the TM segments are distant by about 18 Å, although they are supposed to interact in vivo. Each GXXXG motif makes contacts with the C-terminal tip of H2 helix of the same protomer on one side and with the TM domain of a symmetry-related dimer in the crystal on the other side ( Fig. 3 ). In this way, two NccX dimers interlock by the fork formed by their TM domains, which act as hydrophobic clamps. This crystal contact is contributed by the N-terminal halves of the TM domains that run antiparallel to each other (from Phe 7 to Leu 18 ). Nevertheless, parallel docking of H1 helices is still visible in the C-terminal half of the TM (from Leu 22 to Tyr 29 ), a portion that is delimited in between the kink at Pro 37 , and a second kink between Val 21 and Leu 22 . The packing of H1 helices at the C-terminal half of the TM is likely a remnant of the physiological arrangement as suggested by in silico and in vivo experiments (see below).
Actually, the crystal structure of NccX that was determined reflects many artifactual constraints and represents a model that is incompatible with the insertion and dimerization of TM domains inside the membrane. In the following, we used in or blue and red) . The C-terminal halves of TM helices (downstream the GXXXG motif) form parallel dimers within NccX dimers. The color code is as follows: purple, GXXXG motifs; pink, atom contacts between helices with parallel docking within the NccX dimer; brick red, atom contacts between helices with antiparallel docking between interlocked NccX dimers. Some residues making the interface boundaries are indicated. NOVEMBER 7, 2014 • VOLUME 289 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 31165 silico simulations to investigate the link between the NccX crystal structure and the significant body of data obtained with the CnrX periplasmic domain (9, 10, 12) .
Structure of Detergent-solubilized NccX
Structure-based Models of NccX-In a first series of in silico experiments, NccX DPC , the CG model derived from the x-ray structure of NccX, was mixed with single molecules of either DPC or POPC in random orientations and positions. Several experiments with similar outcomes were performed, and Fig. 4 illustrates a representative MD simulation with DPC (A-C) or with POPC (D-F). With DPC, the end of the simulation shows that the DPC molecules organized as micelles and that the structure of NccX remained in a collapsed state (Fig. 4B ). This suggests that the crystalline structure of NccX reflects a conformation of the DPC-solubilized protein. An all-atom simulation was performed, starting from the output of the CG simulation. This improved the representation of the system, and the results yielded by the CG approach were confirmed. For instance, Fig.  4C shows the association of a micelle of DPC with the hydrophobic tips of the H1 helices of each NccX protomer. With POPC, the lipid molecules quickly formed a lipid bilayer between two layers of water, thus mimicking the inner membrane ( Fig. 4E) . After a few microseconds, NccX was found inserted in the lipid bilayer by the two long N-terminal helices predicted to anchor the protein in the biological membrane. The parts of NccX that correspond to the TM and periplasmic domains clearly tend to partition in the membrane bilayer and the solvent, respectively. However, the hairpin formed by the loop connecting H2 and H3, which participates in the hydrophobic dimer interface (see above and Fig. 8 ), still contacted the lipid bilayer after 12 s. Here as well, the all-atom simulation (Fig. 4F ) confirmed the pertinence of the CG approach.
Membrane insertion of NccX DPC was examined throughout the simulation experiment. The crossing angles of H1 helices (⍀) showed a right-handed population with average negative values of about Ϫ26° (Fig. 5) . The distribution of the tilt angles of the two TM helices with average values with respect to the bilayer normal of 22 Ϯ 6°and 12 Ϯ 7°, respectively ( Fig. 5 ) indicates that the anchoring helices were in dynamic equilibrium while they remained inserted in the membrane over the full time of simulation.
As a control, a second series of simulations was performed with NccX Pred , a plausible CG model for the native conformation of membrane-embedded NccX, i.e. with the TM helices running perpendicular with respect to the globular soluble domain (10) and packed with a right-handed negative crossing angle of about Ϫ35°as defined by Chothia et al. (36) . NccX Pred was either mixed with DPC in random orientation or inserted in a preformed POPC bilayer. Fig. 6 shows that the NccX Pred model was not stable in DPC and that, similar to NccX DPC , it displayed a collapsed structure. In contrast, NccX Pred remained inserted in the POPC membrane, keeping a similar global fold. These two series of simulations confirmed both the destabilization of the interprotomer hydrophobic interactions by DPC and the relevance of the model of TM insertion of the H1 helices. Fig. 4, D and E. deg, degrees.
In Silico and in Vivo Transmembrane Segment Interactions-
To gain further insight into the possible interaction between TM segments, self-assembling simulations of the NccX TM segments embedded in POPC bilayer were performed using CG-MD. For these calculations, a 35-residue-long peptide called NccX-TMsim, encompassing the 21-residue-long TM segment and flanking residues, was used ( Fig. 1) . Two NccX-TMsim were inserted into a preformed POPC bilayer 6 nm away from each other. Fig. 7A shows that they self-assembled in less than 2 s and that a long lasting helix dimer was spontaneously formed. Examination of the structure of this dimer during a typical 60-s simulation revealed that the helices explored different conformational spaces (Fig. 7A) . Although the main helix packing was left-handed (average value of the helix crossing angle ⍀ of about 10°), a right-handed population also existed with ⍀ of about Ϫ20°, which is in agreement with the right-handed crossing angle measured with NccX DPC in POPC. There is no clear period of alternation between both states. As NccX-TMsim contains the putative 16 GXXXG 20 interaction motif, the double mutant GGII was chosen to further analyze its role in dimerization by the TOXCAT assay in both NccX-TMsim and NccX-FL. The results of the TOXCAT assays are displayed in Fig. 7, B and C, and those of the corresponding controls are displayed in Fig. 7 , D and E. The expression level of each construct assessed by Western blotting against MBP antibodies in whole-cell lysates (Fig. 7, B and C) was used to normalize the specific CAT activities.
In a first experiment, NccX-TMsim was compared with the widely used controls GpA-WT and GpA-G83I (14) . Consistent with CG simulations, the dimerization of NccX-TMsim was detected in vivo by recording a CAT activity that represented only 18.6% of the CAT activity induced by the dimerization of GpA-WT (Fig. 7B) . Then, NccX-TMsim was compared with NccX-FL with both constructs bearing the GGII double mutation or not (Fig. 7C) . Interestingly, the CAT activity yielded by NccX-FL was 10-fold higher than that of NccX-TMsim taken as a reference. The GGII double mutation canceled the protein interaction in NccX-TMsim, whereas it had no significant effect in the full-length construct. These results demonstrate that the two N-terminal ends of dimeric full-length NccX are close to each other in agreement with the results of the simulations reported above (Fig. 4) . They also indicate that although the GXXXG motif is important for NccX-TMsim interaction it has a minor impact for the dimerization of full-length NccX protomers that is mainly driven by the periplasmic domains.
Interpretation of the Detergent-induced Structural Rearrangements-The crystal structure of DPC-solubilized NccX differs markedly from the prediction shown in Fig. 2A . Despite the clear correspondence between the secondary structure elements of NccX and CnrXs, the cradle-shaped CnrXs dimer ( Fig.  2A) is not reproduced even partially by the NccX dimer. Structural rearrangements probably occurred after solubilization by DPC. However, the 3.12-Å resolution was insufficient to accurately locate DPC molecules in the electron density. Still, the polar head of a detergent molecule was located near the side chains of Trp 94 and Glu 99 of each protomer, i.e. at the tip of the H2-H3 hairpin (Fig. 8 ). Furthermore, two phosphate moieties from DPC were observed close to the loop connecting H3 and H4, and two more moieties were located near Arg 114 residues, i.e. near the middle of the H3 helices. Both sites belong to the CnrXs dimer interface (10) , thus suggesting that DPC destabilized the interface of the native periplasmic domain. This was examined in more detail.
Compared with CnrXs, the dimer interface of NccX is noticeably different (Fig. 8) . In CnrXs, H4Ј is part of the helix bundle and contributes to the dimer interface by binding the partner protomer via the tip of its H2Ј-H3Ј hairpin (10) . This contact is no longer possible in NccX in which H4 sticks out of the helix bundle. Hence, the residues of the CnrXs dimer interface are pulled apart in NccX where the dimer interface buries 1,943 Å 2 , which is much less than 3,054 Å 2 in CnrXs. A homology model of the periplasmic sensor domain of NccX, called NccXs (Fig. 8A) , was built using the crystal structure of zincbound CnrXs as a template (the residues present in Protein Data Bank code 2y3d of CnrXs share 80% identity with the corresponding residues in NccX). In this model, the dimer interface consists of pairs of residues carried by both H3Ј helices ( Fig. 8A, hh contacts) or carried by H2Ј and H4Ј helices from either protomer (Fig. 8A, tp contacts) as in the CnrXs template (10) . These interactions no longer existed in DPC-solubilized NccX as H2 and H1 of each protomer form an antiparallel coiled coil where H2 residues that were engaged in the NccXs dimer interface now interact with TM residues in H1 of the same protomer (Fig. 8B, tt contacts) . A wider permutation of the residues in contact occurred as follows: the H2Ј(protomer A)-H4Ј (protomer B) dimer interface in NccXs (Fig. 8A , tp contacts) was redistributed between the H1-H2 coiled coil dimerization motif in NccX and a new contact area where H4 residues face H3 residues that were previously part of the soluble NccXs dimer interface (Fig. 8B, pp contacts) . Fig. 8 shows Positive and negative crossing angles correspond to left-handed and right-handed packings, respectively. B, the ability of NccX TM helices (NccX-TMsim) to homodimerize was assessed with the TOXCAT reporter assay: GpA-WT and GpA-G83I were used as positive and negative controls, respectively. For each construct, CAT specific activity was normalized against GpA-WT, averaged over three independent experiments, and corrected for the production levels of the chimeric proteins ToxR-GpA-MBP and ToxR-NccX-TMsim-MBP that were assessed by Western blot with anti-MBP antibodies (lower panel). C, NccX-TMsim, taken as a reference, was compared with NccX-FL and with the double GGII mutants of either construct. Normalization of the CAT activities was that same as in B. D and E are controls of topology of the constructs used for the TOXCAT assays. D, MalE complementation assays confirmed the correct topology of all constructs but the full-length proteins. For the latter, the bulky metal sensor part of NccX likely hampered the ability of MBP to interact with the maltose transporter. E, the topology of both NccX-FL constructs was found to be correct as they were specifically detected in the membrane fraction. High CAT activity (C) demonstrated the correct orientation of the chimeric protein with ToxR in the cytoplasm. Total proteins were separated by SDS-PAGE and blotted onto a PVDF membrane. ToxR-NccX-FL-MBP was revealed by Western blot analysis with antibodies to CnrXs (upper panel) that cross-react with NccX (10) or with antibodies to MBP (lower panel). The ToxR-GpA-MBP construct was used as a negative control. A very faint band corresponding to ToxR-NccX-FL-MBP was visible in lanes L and S2, whereas this protein was highly detected in lane M corresponding to the membrane fraction. L, lysate obtained by sonic oscillation; IB, inclusion bodies; S1, supernatant of the first centrifugation used to pellet the membrane. The pellet was suspended in sonication buffer and centrifuged again. The new supernatant (S2) and the membrane fraction (M) were used for further analysis. deg, degrees. Error bars in B and C represent S.D.
that DPC moieties co-localized with regions that were at least partially buried in NccXs and that are exposed to the solvent in NccX, thus emphasizing the role of DPC in the stabilization of the topology seen in the NccX crystal structure. Altogether, these data show that the residues contributing to the dimer interface of the native NccX periplasmic domain are redistributed upon DPC solubilization. One can conclude that the detergent in addition to solubilizing the membrane bilayer destabilized the hydrophobic interactions between subunits, thus allowing the two periplasmic domains to rearrange and collapse against the hydrophobic H1 helices.
DISCUSSION
Although the single pass membrane proteins represent almost half of all membrane proteins, few examples of structures containing an isolated TM helix already exist. This is the case for the rat and the human monoamine oxidase A (37, 38) whose membrane attachment not only involves a C-terminal TM helix but also hydrophobic patches at the surface of the protein. Such is also the case of the membrane-bound cytochrome c quinol dehydrogenase NrfH from Desulfovibrio vulgaris: NrfH is dimeric, and both TM helices pack together in a right-handed fashion (39) . Most recently, the structure of a cytochrome P450 from yeast showed a single TM domain standing alone and playing an unforeseen role in soluble domain orientation outside the membrane, indicating that there are lessons to be learned by characterizing more single pass membrane proteins (40) . To our knowledge, such is the scarce repertoire of structures available for bitopic membrane proteins. Specific difficulties in both purification and ordered crystallization can explain this fact. The structural characterization of full-length NccX, the membrane-anchored nickel, cobalt, and cadmium sensor protein of the NccYXH transmembrane signaling complex, also contributes to fill this void in the Protein Data Bank. NccX was efficiently extracted regardless of the detergent used (i.e. DPC, n-dodecyl ␤-D-maltopyranoside, n-octyl ␤-D-glucopyranoside, or tetraethylene glycol monooc-tyl ether (C 8 E 4 )), but only DPC allowed achieving both purification and crystallization. Although widely used in membrane protein investigation (41, 42) , DPC has been seldom used for crystallization, although DPC micelles can be considered a membrane mimetic of choice for NMR studies because of the number of structures observed (41) . Very recently, the effect of DPC on protein conformation was illustrated in two instances where solution structures obtained in DPC micelles and crystal structuresobtainedeitherin3-lauramidopropyl-N,N-dimethylamine oxide micelles or lipid meso-phase were significantly different. In one example, the solution structure of E. coli diacylglycerol kinase showed a domain-swapped trimer, whereas the same enzyme and two variants crystallized in a lipid bilayer showed no sign of domain swapping: the implication is such that the architecture and the catalytic properties of the active sites are different in both structures (43, 44) . In the other case, when the solution structure of the uncoupling protein UCP2 solubilized and purified in DPC was described (45) , comparison with the high resolution x-ray structure of the bovine ATP/ ADP mitochondrial carrier crystallized in 3-lauramidopropyl-N,N-dimethylamine oxide micelles (46) suggested that it carried biases affecting biological interpretation (47) . This raises the question of the behavior of a membrane protein once extracted from its native membrane environment and of the techniques to be used to explore this behavior. Regarding UCP2, the physiological relevance of its solution structure was assessed with the help of theoretical calculations. Indeed, one major conclusion of this study was that combining functional and computational investigations is a promising general strategy that would be beneficial to analyze the structures of numerous membrane proteins (47) . As a general guideline, alternative methods are required for structure validation, quality assessment, and enhancement (48) . This is particularly true for the membrane proteins with an activity difficult to assess in vitro.
Such a strategy was adapted to the 3.12-Å resolution x-ray structure of NccX. Extensive work on the soluble domain alone Full polar heads of DPC are shown as orange (phosphate moiety) and blue (choline moiety) sticks. A, in NccXs, two protomers stick together via tip-to-platform contacts (tp) and helix-to-helix contacts (hh). B, in NccX, tip-to-platform contacts have been replaced by tip-to-DPC (td), tip-to-TM (tt), and platform-to-platform (pp) contacts. The helix-to-helix contacts have also been disrupted and replaced by helix-to-DPC (hd) contacts. As a result, the dimer interface in crystallized NccX has been completely remodeled as compared with that of NccXs with DPC and the TM N-terminal half sticking in (see text). Rotations about the y and z axes make NccXs chain B superimposable on NccX chain B. C, molecular surface representation of NccX with DPC moieties as sticks. The orientation of NccX is the same as in B. The residues colored in pink are those of the NccXs dimer interface. As a result, regions that were at least partially buried in NccXs and that are exposed to the solvent in NccX do appear in pink on a blue or tan background. D, the same representation as in C was rotated 90°as indicated. DPC moieties co-localized with regions in pink, thus emphasizing the role of DPC in the stabilization of the topology seen in the NccX crystal structure, which is at odds with the topology of the soluble periplasmic domain of NccX, as inferred by homology with CnrXs (10).
made it obvious that the NccX crystal structure was at odds with the functional native form (9, 10, 12) . We performed MD simulations and TOXCAT assays to rationalize the x-ray structure of DPC-solubilized NccX. Solubilization of the membrane bilayer and detergent destabilization of the main hydrophobic contacts of the dimer interface led to the crystallization of a protein in which the periplasmic domains of both protomers parted from each other and collapsed against the hydrophobic TM segments within H1 helices. That the detergent is responsible for the structural collapse of NccX can be inferred from the redistribution of hydrophobic interactions among the TM helix and a pair of hydrophobic patches within the periplasmic domain. Although the exposure of the TM helix followed membrane solubilization, it seems that DPC played an active role in dissociating the dimer of periplasmic domains because headgroups of DPC were found in close vicinity of the hydrophobic patches that kept them together. The sensitivity of the NccX structure to DPC solubilization might be a consequence of the intrinsic plasticity of this sensor, the conformation of which was proposed to be tuned from the metal-binding site via hydrophobic packing in the core of the periplasmic domain (10) .
Additional constraints affected the TM segments. In the crystal, the TM segments of one dimer form a hydrophobic fork that interacts with the symmetry-related hydrophobic fork of another dimer to compose an interlocked tail-to-tail arrangement of dimers. This is a case of crystal packing with extreme consequences where the antiparallel docking of TM helices displaced the parallel, possibly native docking; i.e. an aberrant topology was produced that is incompatible with membrane insertion. Crystal packing was also supported by several zinc ions that were present in excess in the crystallization conditions. Interestingly, NccX protomers best superimposed with chain A of zinc-bound CnrXs, i.e. the chain that contained two zinc ions (10) . This shows that each NccX protomer considered individually retained the characteristic fold of the protomers of CnrXs extended by most of the residues of the long N-terminal membrane-anchoring helix. From its C terminus to the N terminus, helix H1 contains several distinctive features. His 46 and His 42 at the C-terminal end are strictly conserved residues in the CnrX protein family and are essential residues of the metalbinding site (9, 10, 12) . The residue His 38 was found to chelate a Zn(II) ion in both NccX and protomer A of CnrXs crystallized in the presence of an excess of Zn(II). This residue is not strictly conserved (10) , and the phenotype of CnrX is poorly affected by the H38R substitution (8) . His 38 belongs to a stretch of about 10 residues (residues 31-40) that was not resolved in the crystal structure of CnrXs and was proposed to make a flexuous junction between CnrXs and the TM segment, thus tethering the sensor domain to the membrane. The flexibility of this stretch is illustrated by its poor definition in the electron density maps of CnrXs and by secondary structure predictions suggesting a random coil in the full-length protein. That NccX or CnrX contains a proline or a glycine, respectively, at position 37 further argues for this hypothesis as these residues are well known helix breakers. We can thus speculate that the kink observed at Pro 37 is the result of the constraints that arose with membrane dislocation and helix repacking in the presence of detergent. When the membrane was solubilized by DPC, constraints imposed by hydrophobic surface exclusion, crystal packing, and zinc-mediated interactions yielded a topology that does not fit seamlessly the sequence of NccX.
Going up to the N terminus, the membrane-inserted sequence of 21 residues extending from residue 29 to 9 contains a GXXXG motif that often mediates interactions between TM helices (14, 49 -54) . In addition, this TM sequence includes 11 ␤-branched residues (Leu, Val, and Ile) and seven small residues (Ala, Gly, and Ser). The strength of the interaction mediated by the GXXXG motif is enhanced by nearby ␤-branched residues (51), and a short interhelical distance due to the presence of small residues favors the TM interactions (52) . However, the repartition of such residues is crucial (52) . For instance, based on the seminal work of Engelman and co-workers (55) on the dimerization of GpA, the complete motif of interactions, LIXXGVXXGVXXT, was identified with a minimal consensus motif for stability defined as LXXXGXXXGXXXT. This shows that the GXXXG motif requires stabilization on both sides (52, 55) . Both NccX and CnrX display a very incomplete motif in the TM region with a corresponding sequence of STXXG 16 XXXG 20 VXXA. This is in agreement with the minor role of the GXXXG motif in TM segment interactions observed as far as the full-length protein was considered. Finally, the rest of the N-terminal sequence extending from residue 8 to 1 is predicted to be located in the cytoplasm (Fig. 1) in agreement with its content in several neutral or polar residues.
MD simulations are of great interest to study lateral association and oligomerization of TM helices (56, 57) . CG simulations performed in the presence of DPC resulted in NccX conformations matching the collapsed structure of DPC-solubilized NccX regardless of the initial model, be it NccX DPC or NccX Pred , suggesting that the crystalline structure stems from solubilization of the membrane bilayer as well as from destabilization of the interprotomer hydrophobic interactions. Reciprocally, CG simulations provided a nice picture of the transition from NccX DPC to NccX Pred when the former was placed in a POPC environment. The partition between the hydrophobic helices in the POPC membrane and the sensor domain in the aqueous phase is fast and easily reproducible even if the coordinate root mean square deviation of the soluble part with respect to NccX Pred is still high at the end of the longest simulations. Relaxing the constraints of GROMACS on the assignment of the secondary structures during CG dynamics was not sufficient to allow complete NccX refolding. Altogether, our results strongly suggest that the periplasmic and TM domains of NccX form independent folding units and that the soluble domain already characterized is representative of the periplasmic domain in full-length NccX/CnrX (10) . The main determinant that brings the dimer together is the periplasmic domain: this keeps NccX TM segments close to each other and could potentialize their dimerization via the GXXXG motif as exemplified by the in silico and in vivo characterization of NccX-TMsim interactions. Moreover, the interaction of the TM segments has been proved to be highly dynamic in the simulations reported here. CnrX/NccX and CnrY/NccY can engage in both periplasmic and transmembrane interactions (8, 10) . How transmembrane signaling is performed by CnrYXH/NccYXH complexes once CnrX/NccX has bound nickel or cobalt is not known. Whether the dynamic interaction of TM segments is related to the function of CnrX/NccX in signaling and how these TM segments may help propagate the signal to CnrH/NccH with the relay of CnrY/NccY are two questions that require further work.
Even though it is imperfect, the structure of full-length NccX extends the very limited catalogue of structures available for fully characterized single pass transmembrane proteins. Besides, the results presented here emphasize the benefits of implementing complementary approaches to reach physiologically relevant information from detergent-solubilized proteins.
